Introduction
The last decade has seen tremendous progress in using quantum mechanics (QM) to predict the detailed reaction barriers and kinetics of gas phase bimolecular and unimolecular reactions with detailed confirmation from experiment and concomitant interpretation of experiment [1] [2] [3] [4] [5] [6] [7] [8] [9] . In addition, the last few years has seen similar progress in predicting and explaining the detailed reaction mechanisms, selectivity, and activity of organometallic reactions in solvents that have guided experiment and been confirmed by experiment [10] [11] [12] [13] . There has also been significant progress in explaining key aspects of heterogeneous catalysts that have helped somewhat with guiding experiment with some confirmation from experiment [14] [15] [16] . However, progress has been much more limited in bulk phase reaction mechanisms, where the presence of nearby molecules makes it difficult to distinguish unimolecular from bimolecular processes and experimental interpretations of the initial events seem hopeless because the observed products may be the result of several sequential steps. This paper is aimed at addressing this issue of determining the initial steps of solid phase reactions. We chose here to examine an energetic material since such systems are much easier to initiate experimentally, making it more likely that an experimentalist might be able to test our predictions. Our previous studies of bulk phase reactions used the ReaxFF reactive force field to follow the details of the reaction sequences at realistic reaction temperatures and pressures 4, [17] [18] [19] [20] . Indeed, these studies have received some overall confirmation from experiment, but only quantum mechanics (QM) can provide the full detailed mechanistic understanding of the initial reaction steps.
Thus, we report here Density Function Theory (DFT) studies of Di-Tetrazine-Tetroxide (DTTO) crystals, an energetic material that has long been the target of synthetic attempts, because it was estimated to have a high density (up to 2.3 g/cc) and a performance substantially better than traditional EMs (such as RDX, HMX and CL-20), DTTO was seen as the performance limit for CHNO explosives, making it a 'holy grail' in high-energy materials.
Previous first principles calculations used plane wave LDA density functional theory 22 to predict the most stable isomers of DTTO and the most favorable crystal packing mode. This led to a density of 2.0~2.3 g/cc and a velocity of detonation of D v = 10.9 km/s confirming expectations that DTTO would be a high performance EM, in comparison D v = 8.75 km/s for RDX, D v = 9.10 km/s for HMX, and D v = 9.38 km/s for CL-20. [21] [22] [23] [24] However LDA is not reliable for energies of molecular crystals 25 . So we report here studies using Density Functional Theory (DFT) at various levels (M06, B3LYP, PBE-ulg) which was used to examine the 20 possible isomers of DTTO. Then Monte Carlo sampling combined with UFF and Dreiding classical force fields was used to predict the best packings (i.e. polymorphs) among the 10 most common space groups for the two most stable isomers, c1 and c2. This was followed by DFT calculations at the PBE-ulg level to optimize the crystal packing 26 . We found that the most stable isomer c1 has the P212121 space group with 4 molecules per cell (Fig. 1a ), leading to a 1.96 g/cc density and a 301.9 kcal/mol detonation enthalpy (393.2 kcal/mol in ref. 23 ). The c2 isomer (less stable by 1.2 kcal/mol) has the Pbca space group with 8 molecules per cell (Fig. 1b) and c2, and their predicted crystal structures: P212121 for c1-and Pbca for c2-predicted from previous DFT calculations 22, 26 . The C, O, N are represented by grey, red, and blue balls, respectively.
In order to determine the energy release, detonation properties, and thermal stability of EMs, it is essential to determine the reaction mechanism for the initial reactions leading to thermal decomposition, 4, 17, [27] [28] [29] [30] [31] . For such nitro-based EMs as TNT, RDX, and HMX the initial decomposition at low pressure is unimolecular NO 2 cleavage [32] [33] [34] [35] [36] . However for hydrogen containing high energetic materials such as RDX and HMX, Chakraborty et al 3, 27, 31 used DFT to show that intramolecular hydrogen transfer to form HONO provides a completive first step of decomposition [37] [38] [39] [40] that dominates under high impact conditions 41 . Since DTTO has no hydrogen available to form HONO, its decomposition properties should be dramatically different (maybe better) than normal nitro-based explosives.
In this paper, we report the initial decomposition reaction mechanisms of DTTO using molecular dynamics simulations based on the PBE-ulg 42 flavor of DFT. The PBE-ulg corrects the poor description of van der Waals attraction (London dispersion) in PBE 42 . Here we consider stable monomers, c1 and c2 starting with their predicted most stable crystal structures (P212121 for c1 and Pbca for c2).
Simulations and Computational Method
In these DFT based molecular dynamics (MD) simulations, the interatomic forces are calculated in the framework of DFT 43, 44 , where exchange and correlation were treated with the generalized gradient approximation (GGA), using the functional form of PBEulg method 42 .
The condensed phase DFT calculations were performed using VASP package [45] [46] [47] [48] . For structure optimization we found that a kinetic energy cut-off of 500 eV for the plane wave expansions gives excellent convergence of the total energies, energy differences, and structural parameters. The same energy cut-offs were used in the DFT-MD calculations. Reciprocal space was sampled using the Γ-centered Monkhorst−Pack scheme using only the gamma point for the supercell calculations. The convergence criteria were set to a 1 × 10 −6 eV energy difference for solving the electronic wave function and a 1 × 10 −3 eV/Å force for geometry optimization. They were set to 1 × 10 −5 eV energy difference for solving the electronic wave function and a 1 × 10 −3 eV/Å force for DFT-MD simulation.
Two DTTO crystalline (c1-P212121 and c2-Pbca) phases were considered in the DFT-MD simulations. Both consist of 16 molecules and were obtained by replicating the unit cell twice along the y and z directions for c1-P212121, and twice along the y direction for c2-Pbca, respectively. Then the structures for the supercells were optimized individually before molecule dynamics simulations. The two initial structures of c1-P212121 and c2-Pbca supercell are shown in Figure S1 .
The procedure for the DFT-MD simulations was as follows: First the systems were heated from 20 K to 300 K over a period of 2 ps and then equilibrated at 300 K for 1 ps using the NVT (constant volume, constant temperature and constant number of atoms) ensemble. Finally, we heated the system from 300 K to 3000 K uniformly over the period of 20 ps. The time constant for the NoseHoover thermostat was 0.1 ps .We used a time step of 1 fs for integrating the equations of motion. To analyze the fragments during the simulation, we used a bond length cut-off of 1.5 times of the normal bond length. The actual bond lengths cut-offs are shown in the Table S1 .
To analyze the mechanisms for the reactions discovered during the simulations, we extracted the molecules undergoing a reaction from the DFT-MD trajectories and then carried out free molecule calculations to locate the nearby transition state for gas phase reactions at the level of PBE-ulg/6-31++G**. The Transition states (TS) were validated to have only one negative eigenvalue for Hessian. This was followed by intrinsic reaction coordinate (IRC) scans to connect the nearby reactant and the product structures 49 . To obtain free energies, we evaluated the thermodynamic properties were at 298.15 K and 1 atm. All gas phase calculations were carried out using the Jaguar 8.2 package 50 .
Results and Discussion
The first-principle molecular dynamic simulation in this paper provides a very detailed, molecular-level description of the decomposition and reaction of DTTO in condensed phases under various conditions. Such information should allow one to extract valuable information about the complex chemistry involved, including uni-and multi-molecular reactions 17 . Our goal is to elucidate the initial reaction pathway as DTTO decompose and describe the events in this 'holy grail' of high-energy materials as it evolves to form intermediates that react with each other and with reactant to form eventually the final products observed theoretically. In this work, we focus on thermal decomposition of two most stable predicted DTTO crystals, c1-P212121 and c2-Pbca, and examine the initial reaction details under various conditions.
Non-compressed c1-P212121 DTTO
We first examined the initial decomposition reaction of c1-P212121 DTTO. Figure S1 shows the simulated system, which consists of 16 c1-DTTO molecules (224 atoms) in an 18.13 Å × 10.80 Å × 13.87 Å supercell.
The details of the DFT-MD studies are described below. Briefly we first equilibrate the structure at 300K and then heat it at a uniform rate from 300K to 3000K over 20ps. In our short time simulations (20 ps), no DTTO molecules decompose below 2000 K. Using the same computation approach (heating from 300 K to 3000 K over 20 ps) the decomposition temperature for beta-HMX is ~1850 K. This can be compared to the experimental thermal decomposition temperature for HMX of 548 K 24 . Based on this comparison, we estimate that the experimental thermal decomposition temperature for c1-P212121 DTTO is ~615 K (similarly the results below suggest that for c2-Pbca the decomposition temperature is 790 K).
As shown in Figure 2(a) , for c1-DTTO we found that the first reaction at ~13.2 ps (T = 2100 K) is a unimolecular fragmentation of one DTTO molecule to form two N 2 O molecules. About 0.1 ps later, additional DTTO molecules decompose, leading to the release of additional N 2 O molecules. Species analyses for the decomposition of (a) c1-P212121 DTTO heated from 300 to 3000 K over 20 ps. At ~13.2 ps (T = 2100 K), the first DTTO molecule decomposes, releasing N2O molecule. Starting ~ 0.1 ps later, DTTO molecules decompose one by one, releasing more N2O molecules. (b) 30% uniaxial compressed c1-P212121 DTTO is heated from 300 to 3000 K over 20 ps. At ~14.2 ps (T = 2250 K), two DTTO molecules react, to yield one N2O product. At about 15.5 ps (T = ~2400K), DTTO molecules start decomposing one by one, producing more N2O molecules are also produced one by one (c) c2-Pbca DTTO heated from 300 to 3000 K over 20 ps. At ~17.5 ps (T = 2670 K), two DTTO molecules combine and 0.4 ps later, at ~17.9ps (T = 2700 K), one N2 molecule is released. At T = ~2700K, one N2O molecules was released.
To understand the nature of this first reaction of c1-P212121 DTTO at ~13.2 ps (T = ~2100 K), we extracted the activated intermediate from the condensed phase simulation and analyzed the reaction mechanism as a gas phase unimolecular reaction. As described below we found the nearby transition state (TS) that has a single saddle point and then minimized to find the nearby stable reactant and product species. The observed reactions and the enthalpy of each species calculated in gas phase are shown in Figure  3 and discussed below in detail.
We find that the unimolecular decomposition starts with breaking N-N and C-N bonds simultaneously to release the first N 2 O via TS1 with a 45.9 kcal/mol barrier. As the first N 2 O leaves, the adjacent C forms a triple bond with its only neighbor N atom, driving the remaining 6-member ring to open to the intermediate b with 7.2 kcal/mol exothermicity. In this N 2 O dissociation reaction, the pπ orbitals in resonance on O and N become singly-occupied sp 2 orbitals, resulting in a lone-pair on N and an N=O double bond, as illustrated in the sub-view of Figure 3 . This mode of electron flow from π to σ is commonly observed in dissociation of N 2 O from EMs, such as RDX or HMX 27, 31 . The next reactive step is to break the N-N bond via TS2 to release the second N 2 O with only a 6.4 kcal/mol barrier, leading to ring-closure with very high exothermicity (-55.0 kcal/mol from b). This is much greater than the -7.2 kcal/mol exothermicity of the first N 2 O reaction that drives further decomposition of other DTTO.
Compressed c1-P212121 DTTO
It is generally accepted that the detonation starts at a hotspot that forms as the shock wave passes through [51] [52] [53] . Thus we also examined the mechanism of the initial reaction of c1-P212121 DTTO compressed by 30% along the a direction (from a lattice constant of 18.13 Å to 12.69 Å) as shown in Figure 4 . This precompression leads to an initial external pressure of 15.9 GPa. Then we built a 1 × 2 × 2 supercell containing 16 molecules and 224 atoms, as shown in Figure S1 (b). Next we carried out DFT-MD as above, leading to the results in Figure 2(b) . Here the c1-DTTO molecules start to react at ~14.2 ps (T = 2250 K), with two DTTO molecules reacting to form new covalent bonds while releasing one N 2 O product. Thus the initial reaction in the compressed system is not unimolecular. Analyzing the reaction mechanism for just the bimolecular reaction of compressed c1-P212121 DTTO, we found that this first reaction starts an oxygen-transfer between the two adjacent DTTO molecules, which is quite different from the mechanism in RDX and HMX EMs in which hydrogen-transfer to from HONO takes places at the beginning 27, 54, 55 . Figure 5 . The mechanism of the first bimolecular reaction for compressed c1-DTTO. First there is oxygen-transfer between the two DTTO molecules, which is followed quickly by N2O release. Configurations TS1', TS2' and TS3' were extracted from the DFT-MD trajectory and then optimized as a gas phase reaction. Path c''-TS3''-d'' releases one N2O, but was not observed in the DFT-MD simulations, we find a negligible barrier in the gas phase. The energies for these species involved in the decomposition sequence were calculated by finite cluster DFT calculations.
As shown in Figure 5 , this bimolecular reaction involves three steps. The first step is the oxygen-transfer to make DTTO-epoxide via TS1, in which one oxygen atom of c1-DTTO reacts with the C atom of the nearby DTTO to make the first C-O bond, followed by breaking the N-O bond and formation of the epoxide intermediate b'. This reaction is the rate-determining step (RDS) with a 40.1 kcal/mol barrier, which is 5.8 kcal/mol lower than the unimolecular N 2 O-release reaction in uncompressed c1-P212121 DTTO.
The second step starts with the ring-opening reaction of the epoxide (TS2'), which then form a new C=O double bond that drives the opening of the other 6-member ring to the intermediate c'. This reaction has a 9.0 kcal/mol barrier and releases an enthalpy of 13.3 kcal/mol. The third step to release N 2 O observed in the MD simulation is via an S N 2-like mechanism in which the previously opened branch bounces back to form a 6-membered ring while releasing the N 2 O on the other side, leading to a 34.6 kcal/mol barrier but with an exothermicity of 22.7 kcal/mol from c'. Starting with intermediate c', we find a negligible barrier to first twist the opened branch and then stretch the N-N bond via TS3''. Despite the low gas phase barrier, this twist motion of the opened branch takes considerable free space so that it would be hindered by nearby DTTO molecules in the condensed phase, explaining why it was not observed in the MD simulation with its fast heating rate.
After the initial reaction at 14.2 ps, we found that at 15.5 ps (T = 2400 K), a number of N 2 O molecules are released via unimolecular pathways, while the number of intact c1-DTTO molecules decreases one by one as shown in Figure 6 . This N 2 O elimination is via TS4' at 43.3 kcal/mol, which gives a heterobicyclic ring f' with reaction enthalpy of -23.9 kcal/mol.
For c1-DTTO, we find a different reaction mechanism for the non-compressed state compared to the highly compressed state. For compressed c1-DTTO, the initial reaction involves an intermolecular oxygen migration, not the unimolecular reaction to release N 2 O found for the non-compressed state. This oxygen migration reaction for the compressed case has a reaction barrier 5.8 kcal/mol lower than the N 2 O releasing reaction. This result suggests that external shock compression can affect on the decomposition pathway of energetic materials. Figure 6 . Proposed mechanism of the N2O elimination reaction in one c1-DTTO molecule. Configurations TS4' and f' are revealed by QM molecular dynamic simulations, and calculate accurate energies for these species involved in the decomposition sequence by DFT calculations.
Non-compressed c2-Pbca DTTO
We then examined the initial decomposition mechanism for the c2 molecular isomer, which has the Pbca space group. For c2-DTTO we found that the first reactions start at 2670 K (~17.5 ps), involving the intermolecular reaction of two c2 molecules, with no gas products released. Then about 0.4 ps later, at ~17.9 ps (T = 2700 K), one N 2 molecule is released from this bimolecular complex. About 0.1 ps later (T = ~2700 K), one N 2 O molecule was also released. This shows that by 2700 K, the primary reactions involve both N 2 and N 2 O releasing processes. This is quite different from the c1 reaction mechanisms, in which the initial reactions involve unimolecular decomposition or oxygen transfer.
Using QM we analyzed the reaction mechanism for the c2-DTTO bimolecular combination reaction at ~17.5 ps (~2600 K). As for the c1 case we searched first for the nearby transition state and then minimized to find the stable reactant and product structures. We find that first an N-N bond is formed between the two reacted DTTO molecules and then a new intermediate product appears. As the reaction proceeds, another N-N bond is broken in the newly formed intermediate leading to two new fragments. Then a C-N bond breaks in one of the newly formed fragments, releasing N 2 , while simultaneously an N 2 O molecule is released in a unimolecular reaction. The mechanism derived including the enthalpy for each species is shown in Figure 7 for the case of N 2 releasing reaction and in Figure 8 for the case of N 2 O releasing reaction. As shown in Figure 7 , this N 2 releasing mechanism also involves three steps. The first step is to form an N-N bond between two c2-DTTO molecules via TS1* with a 48.1 kcal/mol barrier, making it the rate determining step. This reaction opens a 6-member ring on each DTTO leading to a dimer b* connected with an azo bridge that is 19.7 kcal/mol endothermic. The azo group is then released from the DTTO dimer as a free N 2 by breaking N-N and N-C bonds sequentially via TS2* and TS3* with low barriers (<5 kcal/mol) to the product d*. This very exothermic reaction (∆H = -41.6 kcal/mol versus a*) leads to the decomposition of other DTTO molecules, just 0.1 ps after the first reaction, with one N 2 O molecules released. As shown in Figure 8 , this N 2 O elimination proceeds via TS4* with 44.2 kcal/mol, which similar to the N 2 O elimination reaction shown in Figure 6 except for the position of the breaking bonds.
Conclusions
In summary, these DFT molecular dynamics simulations provide a very detailed, molecular-level description of the initial decompositions and reactions of condensed phase DTTO under various conditions. This allows information about the complex chemistry involved to be extracted, including unimolecular and multimolecular reactions sequences 17 .
The goal in this paper was to examine the initial reaction pathway as DTTO decomposes to discover the events in this 'nitrogen-rich energetic material' as it evolves to form intermediates that react with each other and with reactant to eventually form the final products observed theoretically and experimentally.
We found three major initial reaction routes, depending upon temperature, pressure, and crystalline structure conditions:
(1) The first decomposition reaction of uncompressed c1-P212121 DTTO is a unimolecular reaction that releases two N 2 O molecules, with an enthalpic barrier of 45.9 kcal/mol and an exothermicity of 6.4 kcal/mol (PBE-ulg).
(2) As c1-P212121 DTTO is compressed, the initial reaction becomes intermolecular transfer an oxygen atom from one c1 molecule to the nearest carbon of another, leading to an enthalpic barrier of 40.1 kcal/mol.
(3) For c2-Pbca DTTO, the decomposition reaction mechanism involves first combining two DTTO molecules and then releasing an N 2 molecule, leading to a reaction barrier of 48.1 kcal/mol. These results suggest that a variety of initial decomposition reactions are favorable for DTTO, depending on temperature, pressure, and crystal packing. The c2-Pbca DTTO reaction begins at 300 K higher than c1-P212121 but leads to bimolecular N 2 release, of twice the energy as for the unimolecular N 2 O releasing reaction. This suggests that the thermal stability for c2-Pbca DTTO is higher than for c1-P212121 DTTO. Thus the c2-Pbca could have better performance than c1 DTTO crystal.
The reaction barriers of 45.9 kcal/mol and 48.1 kcal/mol found for c1 and c2 DTTO are higher than the 39.0 kcal/mol NO 2 dissociation barrier for RDX, the 39.8 kcal/mol NO 2 dissociation barrier of for HMX and the 37.6 kcal/mol N-NO 2 homolysis reaction barrier of CL-20 27, 31, 56 , and the simulated initial decomposition temperatures are 200K or more higher than beta-HMX by the same computational method. Thus we expect that DTTO may be a high performance explosive with higher thermal stability.
We expect these theoretical studies of the initial reaction of DTTO might stimulate further experimental studies of DTTO, particularly the synthesis, and characterization.
